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Abstract–Skeletochronological data 
on growth changes in humerus diam­
eter were used to estimate the age 
of Hawaiian green seaturtles ranging 
from 28.7 to 96.0 cm straight carapace 
length. Two age estimation methods, 
correction factor and spline integration, 
were compared, giving age estimates 
ranging from 4.1 to 34.6 and from 3.3 
to 49.4 yr, respectively, for the sample 
data. Mean growth rates of Hawaiian 
green seaturtles are 4–5 cm/yr in early 
juveniles, decline to a relatively con­
stant rate of about 2 cm/yr by age 10 
yr, then decline again to less than 1 
cm/yr as turtles near age 30 yr. On 
average, age estimates from the two 
techniques differed by just a few years 
for juvenile turtles, but by wider mar­
gins for mature turtles. The spline-inte­
gration method models the curvilinear 
relationship between humerus diame­
ter and the width of periosteal growth 
increments within the humerus, and 
offers several advantages over the cor­
rection-factor approach. 
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The Hawaiian population of the green 
seaturtle (Chelonia mydas) provided 
some of the ﬁrst published growth data 
(Balazs, 1979, 1980, 1982) for this spe­
cies. These early data showed how slowly 
seaturtles grow and how long a female 
must survive simply to lay her ﬁrst 
clutch of eggs. Twenty or more years to 
reach sexual maturity seemed biologi­
cally unrealistic, yet slow growth and 
late maturity has been repeatedly con­
ﬁrmed for some seaturtle species, e.g. 
Bahamian C. mydas (Bolten et al., 1992), 
West Atlantic Caretta caretta (Parham 
and Zug, 1998). Slow growth and the 
resulting delayed maturity greatly affect 
the demography of a population (Crouse 
et al., 1987; Chaloupka and Musick, 
1996). An understanding of growth and 
growth-pattern variation in seaturtles is 
an important prerequisite to the devel­
opment of population models that are 
required to guide seaturtle population 
recovery and conservation. 
Green seaturtles within the Hawai­
ian Islands contribute to the larger In­
do-Paciﬁc C. mydas gene pool, yet the 
nesting females of the Hawaiian popu­
lation comprise a distinct genetic unit 
and contain a unique mtDNA haplotype 
(Bowen et al., 1992). Except during their 
posthatching pelagic phase, the great 
majority of Hawaiian green seaturtles 
reside in coastal waters, primarily 
around Hawaii, Kauai, Maui, Molokai, 
Oahu, and other islands in the south­
eastern part of the Hawaiian chain. 
Most reproduction takes place at French 
Frigate Shoals in the Northwestern Ha­
waiian Islands (Balazs, 1980; Wether­
all et al., 1999). The population of Ha­
waiian Chelonia mydas has beneﬁted 
from over two decades of intense con­
servation management (Balazs, 1998). 
Despite important early research on 
the Hawaiian population of C. mydas 
(Balazs, 1982), the patterns of growth 
within and among the geographic habi­
tat components of this population have 
remained incompletely documented 
(Balazs et al., 1994, 2000). The chief rea­
son for this has been a lack of methods 
to age sea turtles. This deﬁciency has 
been overcome recently by the devel­
opment of skeletochronological tech­
niques that estimate age from the num­
ber of growth increments formed on the 
humerus (Parham and Zug, 1998). 
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Our goal in this study was twofold. First, 
we used humerus growth-increment data to 
estimate ages of a sample of Hawaiian green 
seaturtles from various locations in the ar­
chipelago and developed a growth model for 
the general Hawaiian population; geograph­
ic variation in growth will be addressed in a 
subsequent paper. Second, we compared two 
different methods of deriving the age esti­
mates, the so-called “correction-factor” meth­
od described by Parham and Zug (1998) and 
a newer approach, the “spline-integration” 
method, introduced in the present study. 
Materials and methods 
Our sample consisted of 104 individuals 
of C. mydas, collected from the islands of 
Hawaii, Kauai, Lanai, Maui, Oahu, and the 
Northwestern Hawaiian Islands; the Oahu 
sample predominated with 64 individuals. 
All individuals were measured to the near­
est 0.1 cm straight carapace length (SCL). 
The smallest individual was a 5.3-cm-SCL 
hatchling. The smallest posthatchling was 
a pelagic juvenile (of assumed Hawaiian 
origin) recovered from the former squid 
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Figure 1 
Size (straight carapace length) distribution of the Hawaiian Chelonia 
mydas skeletochronological sample. The members of each class are segre­
gated into individuals without (shaded bar) and with (black bar) ﬁbropapil­
loma tumors. Tumors in our sample are present only in larger turtles. 
driftnet ﬁshery north of the island chain. 
All other posthatchling turtles were from 
coastal Hawaiian waters, found stranded dead and re­
trieved by the National Marine Fisheries Service’s Hawai­
ian Islands Seaturtle Stranding Network. The salvaged 
turtles ranged from 28.7 to 96.0 cm SCL. The sample was 
divided into eight 10-cm size classes; representation was 
roughly equivalent for the middle six classes (Fig. 1). The 
30–39 cm sample contained only turtles in the upper quar­
tile of this size class. Each turtle was necropsied and its 
right humerus removed for skeletochronological examina­
tion. The necropsy data included a complete set of carapace 
measurements, organ condition evaluations, and informa­
tion on ﬁbropapilloma tumor occurrence and severity; see 
Work and Balazs (1999a, 1999b) for details on the entire 
data set. In addition to the skeletochronological data, we 
used only the SCL measurements and tumor-evaluation 
observations in the present study. 
Where possible, we selected tumor-free individuals for 
the present analysis because our goal was to examine the 
overall growth pattern for normal Hawaiian Chelonia my­
das. Because the prevalence of ﬁbropapillomatosis is high 
in the wild Hawaiian population (Murakawa et al., 2000), 
we included in our sample individuals with ﬁbropapillo­
mas. but otherwise appearing normal, in order to ensure 
adequate representation in the larger size classes. Healthy 
animals were those showing no evidence of weight loss or 
other indicators of illness and no evidence of disruption 
or retardation of normal growth. Individuals with tumors 
represented 27% of the 50–59 cm, 50% of 60–69 cm, 76% 
of 70–79 cm, 73% of 80–89 cm, and 17% of 90–99 cm SCL 
size classes (Fig. 1). 
Our skeletochronological data derived from cross-sec­
tions (0.6–0.8 mm thick) from the middle of the humeral 
shaft just distal to the deltopectoral crest and at the nar­
rowest diameter of the diaphysis (Zug et al., 1986). On 
each specimen, we counted the number of visible growth 
layers and measured the widths (long-axis diameters) of 
the humerus at each successive growth cycle and the 
width of the resorption core. Bone sections were taken 
from mid-shaft, the narrowest location of the bone, be­
cause the humerus retains the greatest number of perios­
teal growth layers there, and hence this location permits 
the most accurate estimation of the number of growth cy­
cles (periosteal layers) and the relative rates of growth 
(=successive humerus diameters). 
We used two procedures for estimating the total num­
ber of growth layers, and hence age, of each turtle. In the 
correction-factor (CF) method, as described in Parham and 
Zug (1998), the turtle’s age is estimated as the number of 
growth layers observed in the outer region of the humerus 
section plus the predicted number of resorbed growth lay­
ers represented in the remodeled core of the humerus. The 
latter, unobservable component is estimated as C (R – RH), 
where R is the radius of the absorption core, RH is the ra­
dius of a hatchling’s humerus (before the beginning of in­
crement formation), and C is the so-called correction fac­
tor. The correction factor is a constant “aging rate” (yr/mm) 
assumed to apply to the resorption core, and calculated 
as the reciprocal of the mean growth layer width in small 
turtles. The mean growth layer width was estimated from 
129 periosteal growth layer widths observed in 34 turtles 
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with SCLs <60 cm and resorption core diameters <19.0 
mm. Selecting only small turtles with minimum core di­
ameters reduces the frequency of the narrower periosteal 
layers found in the outer margin of the humerus in larger 
turtles; hence, it reduces the possibility of overestimating 
the number of layers in the resorption core. The resulting 
correction factor was used to estimate the number of re­
sorbed periosteal layers. 
A second method, spline integration (SI), is introduced 
here. The SI method uses a scatterplot smoothing spline 
(Härdle, 1990; Hastie and Tibshirani, 1990) to model the 
relationship between the aging rate and humerus diam­
eter. Once the aging function is estimated, a turtle’s age 
is estimated by integrating the spline over the total diam­
eter of the turtle’s humerus section. The method of model­
ing increment width patterns in hard parts and of estimat­
ing age by the integration of the resulting aging function 
was ﬁrst formalized by Ralston and Miyamoto (1983) for a 
Hawaiian snapper and ﬁrst applied to seaturtles by Zug et 
al. (1995). In those applications, the aging rate was a para­
metric function of size. In our analysis, we modeled the ag­
ing rate nonparametrically by ﬁtting a smoothing spline 
to pairs of observations of growth-layer width and humer­
us diameter. The SI approach uses the same source of data 
as the CF method but without selection. Lines of arrested 
growth (LAG) delimit each observable growth layer. Incre­
ment width is measured as the difference between the hu­
merus diameters at the outer LAG and the inner LAG. As­
suming an increment represents one year of growth, each 
increment width measurement provides a measure of the 
humerus growth rate (mm/yr) and its reciprocal, a mea­
sure of the aging rate (yr/mm) at the observed humerus di­
ameter (the mean diameter of the pair of LAGs). The skel­
etochronological sample yielded 269 such observations of 
aging rate and humerus diameter. The aging rates were 
grouped in 1-mm intervals of humerus diameter and aver­
aged. A cubic smoothing spline was ﬁtted to the mean ag­
ing rates by using S-PLUS (MathSoft, Inc., 1999). The age 
(yr) of each turtle was estimated by integrating the aging 
spline from its origin to the observed outside diameter of 
the humerus section. 
To assess the effect of estimation method on age esti­
mates, the data were divided into 10-cm SCL groups. With­
in each group a Student’s t statistic was used to test the 
hypothesis that the two methods give equal age estimates. 
Nonparametric growth models were estimated based 
on the CF- and SI-derived age estimates and associated 
carapace lengths, by using the same S-PLUS procedure 
employed for the SI-method aging spline. The validity of 
the growth models was judged qualitatively by comparing 
growth predicted by the models with observed growth in 
a sample of 171 Hawaiian green turtles tagged and recap­
tured in waters around Molokai (Balazs et al., 1999). 
To assess uncertainty in the SI-based growth curve, the 
269 pairs of aging rate and mean humerus diameter data 
were resampled 100 times, and the SI procedure applied 
to each bootstrap replicate data set. The 100 aging curves 
derived in this manner generated a bootstrap distribution 
of estimated age for each turtle. Nonparametric growth 
curves were then ﬁtted to each derived data set, produc­
ing bootstrap distributions of predicted mean length at 
age. Empirical conﬁdence intervals for the predicted mean 
length at age were approximated by using percentiles of 
the latter bootstrap distributions. 
A linear regression of SCL on outside humerus diam­
eter was estimated for the 104 sample turtles. The slope 
of the linear predictor was applied to the 269 humeral in­
crements to estimate a corresponding set of carapace in­
crements, presumed to represent annual growth. These 
growth rate estimates were summarized in box plots over 
10-cm intervals of SCL. Mean growth rate as a function of 
estimated age was also estimated by computing ﬁnite dif­
ferences of the SI-based growth model. 
Results 
Patterns in humerus growth and aging 
Carapace length has a strong linear association with 
humerus diameter (Y=0.643 + 2.326X [where Y=SCL cm; 
X=humerus diameter mm], r2=0.98, P<0.001, n=104 includ­
ing the hatchling). Humerus growth-increment width, on 
the other hand, is nonlinearly associated with humerus 
diameter at the point of growth (Fig. 2). Speciﬁcally, growth 
increments tend to be larger when the turtles are smaller 
(i.e. at smaller humerus diameters) and decline as the tur­
tles grow. Variation in humerus increment width (growth 
rate) shows the same pattern. The estimated aging rate, 
as the reciprocal of growth rate, increases as the turtles 
grow. The aging rate does not increase uniformly (Fig. 3). 
Rather, it increases gradually in small turtles, plateaus 
over a broad range of length for mid-size turtles, increases 
abruptly as turtles approach maturity, and maintains an 
increased rate as the mature turtles grow. 
Age and growth-rate estimates 
In the CF-method analysis, the correction factor, C, was 
estimated as 1.14 yr/mm. The resulting age estimates 
range from 4.1 to 34.6 yr (n=70; excluding the hatchling 
with age zero). The smallest turtle in the sample had the 
lowest age estimate and the two largest turtles, the high­
est estimates. Only 68% could be aged by the CF method. 
Skeletochronology requires a pattern of distinct layering 
within the bony element examined. Such patterns are 
most evident in the smaller, presumably younger, individ­
uals, and the frequency of individuals with distinct perios­
teal layers decreases as body size increases. In selecting 
specimens for the CF analysis, growth layers were sufﬁ­
ciently distinct to estimate the number of resorbed layers, 
and hence the age, in decreasingly fewer turtles: 89% of 
turtles in the 30–69 cm SCL group, 72% in the 70–79 cm 
group, 18% in the 80–89 cm group, and 29% in the >89 
cm group were used in the CF analysis. Of the individ­
uals for which we were unable to obtain an estimate of 
resorbed layers, a nearly equal number (48%) had ﬁbro­
papillomas. The prevalence of tumors for the CF-aged sub­
sample (31%) was somewhat less than in the total sample 
(37%). Importantly, the tumor prevalence in the subsam-
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Figure 3 
Estimated “aging rate” (average of the reciprocals of the humerus growth­
increment widths) in relation to humerus diameter and a ﬁtted smoothing 
spline. The expected age at a given humerus diameter is obtained by inte­
grating the spline up to the speciﬁed diameter. Not all members of the 
sample could be aged by the CF method; see explanation in “Materials and 
methods” section. 
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Figure 2 
Humerus growth increment width (the increase in humerus diameter) in 
relation to humerus diameter (mean of the inner and outer diameters). Mean 
diameter better reﬂects the size of the humerus during the entire growth 
interval than does outer diameter. 
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ple retained for CF analysis and the sub­
sample excluded from analysis were not 
signiﬁcantly different (chi-square test of 
homogeneity χ2=2.80, 1 df). A nonparamet­
ric growth model was estimated by ﬁtting 
a scatterplot smooth to the carapace length 
and estimated age data (Fig. 4A). Because 
the CF method could not be applied to the 
largest turtles in the sample, the model 
provided no information about growth in 
mature turtles. 
Age estimates for posthatchling turtles 
based on the SI method range from 3.3 
to 49.4 yr (n=103). The nonparametric 
growth model for these data ﬁtted very 
well (Fig. 4B), a result not unexpected giv­
en the dependence of the SI age estimate 
on humerus diameter and the tight linear 
relationship between humerus diameter 
and carapace length. Variation in carapace 
length around the SI growth model reﬂect­
ed only variance in the linear relationship 
between carapace length and humerus di­
ameter; it did not incorporate variance in 
the age of turtles at a ﬁxed humerus di­
ameter or estimates of their age. The boot­
strap distributions of age estimates for the 
SI method suggested that age estimates 
for a turtle can vary by up to 10 years 
(Fig. 5A). Nevertheless, the nonparamet­
ric conﬁdence intervals for predicted mean 
length at age were narrow (Fig. 5B). 
Although the CF and SI methods yield­
ed different estimates of age (Fig. 4), over 
a wide range of carapace lengths, the dif­
ferences were not striking. The magnitude 
and direction of differences in age esti­
mates depend on SCL. Judging from the 
ﬁtted smooth curves, for turtles up to 
about 81 cm SCL, the correction factor 
method was expected to give estimates 
of age up to 2 years higher than those 
produced by the spline-integration meth­
od. For larger turtles, however, age esti­
mates derived from the correction-factor 
method were predicted to be as many as 10 
years (or more) lower than those generat­
ed by spline integration (Fig. 6). The t-tests 
(Table 1) indicated there were highly sig­
niﬁcant differences in age estimates be­
tween methods within the 40–50 cm size 
group (t=4.36, 9 df) and the 50–60 cm group 
(t=4.66, 12 df). Differences for the 30–40 cm, 
60–70 cm, and 70–80 cm size groups were 
nonsigniﬁcant; samples were too small for 
comparisons in other size groups. 
The Molokai mark-recapture data al­
lowed a visual comparison of observed 
growth and growth predicted by the CF 
and SI models derived from skeletochro-
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Figure 4 
Relationship between observed carapace length and estimated age 
(squares) for the two methods of age determination: correction factor 
(A) and spline integration (B). Fitted growth models (curves) are cubic 
smoothing splines. 
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Table 1 
Mean age estimation for correction-factor and spline-integration methods for 10-cm length groups. Estimates of mean age vary 
signiﬁcantly between estimation methods for turtles in the middle length groups. ** indicates a signiﬁcant difference. 
Mean age estimate (yr) 
Length group Sample Correction-factor Spline-integration 
(SCL, cm) size method (CF) method (SI) t [df],P 
30–40 14 7.3 6.9 1.09 [13], 0.296 
40–50 10 12.9 11.0 4.36 [9], 0.002** 
50–60 19.1 15.8 4.66 [12], 0.001** 
60–70 22.1 22.1 –0.06 [13], 0.952 
70–80 25.3 25.6 –0.67 [12], 0.514 
2 3
13 
14 
13 
nological data (Fig. 7). In plotting the growth vectors at liberty then determined the endpoint coordinates of the 
for marked (tagged) turtles, we ﬁxed the origin of each growth vector. Despite considerable variation in the ob­
vector by assuming that the carapace length at time of served growth of the marked turtles, the growth vectors 
ﬁrst capture was given exactly by the CF- or SI-based were generally concordant with the growth model predic­
growth curve. The observed length at recapture and time tions (Fig. 7). 
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Figure 5 
(A) Bootstrap distributions of estimated age at observed SCL generated by resam­
pling the data for aging rate to humerus diameter 100 times and by applying the 
spline-integration method to each bootstrap replicate. (B) Corresponding distribu­
tion of growth curves, described by the bootstrap mean growth curve (line) and the 
approximate 50% and 95% conﬁdence intervals for predicted mean length at age 
(outer and inner edges of solid region). 
Age- and length-speciﬁc growth rates 
The box plots of the SI-estimated carapace growth rates 
(Fig. 8) indicated relatively fast growth for smaller tur­
tles, a reduced growth rate remaining fairly constant 
over intermediate length classes, and declining growth 
rates in larger, mature turtles. Mean carapace growth rate 
declined from 4.4 cm/yr for turtles in the 20–30 cm SCL 
group to less than 1 cm/yr for mature turtles in the 90–100 
cm group, and remained around 2.0–2.5 cm/yr for imma­
ture juveniles in the intermediate length groups (Table 
2, Fig. 8). Differences in mean growth rate among the 
intermediate length groups were not signiﬁcant. The aver­
age growth rates predicted by ﬁrst differences of the SI­
based growth model (Fig. 9) indicated a similar pattern, 
as expected, showing a decrease in growth rate during the 
ﬁrst decade of life (when Hawaiian green turtles are still 
foraging in the open ocean or in the early years of their 
residence in inshore habitats), relatively constant growth 
during the next 15–20 year interval, and a further decline 
in growth rate as the turtles approach 30 years of age. The 
growth rate appears to remain low in older turtles. 
Discussion 
Age and growth-rate estimates 
Age estimates by both methods indicate an age range 
of 4–49 years for the Hawaiian green seaturtles in their 
coastal habitats. The pelagic juvenile (28.7 cm SCL) in our 
sample was about four years old (4.1 and 3.3 yr by CF and 
SI methods, respectively). The smallest juveniles (35–37 cm 
SCL) in coastal waters were 6 to 9 years old by the CF 
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Figure 6 
Difference in estimated age (yr) between the correction-factor method and 
the spline-integration method within the comparable range of carapace 
lengths (SCL). For positive values (black region), the CF method gives older 
ages and for negative values (striped region), younger ages. 
method and 4 to 10 years old by the SI method. These age 
estimates for Hawaiian greens in the last years of their 
pelagic developmental stage are similar to those reported 
for C. mydas populations in the southern Great Barrier 
Reef (SGBR) (5–6 yr; Chaloupka et al., in press) and for 
the Atlantic coast of central Florida (3–6 yr; Zug and 
Glor, 1999). The smallest C. mydas turtle in the Florida 
sample was 28 cm SCL (several others were less than 35 
cm), whereas the smallest SGBR turtle was 38.5 cm CCL 
(Limpus and Chaloupka, 1997) and the smallest Hawai­
ian specimen was 34.8 cm SCL, indicating an earlier shift 
from pelagic to benthic life in Florida greens. 
The growth of the juvenile turtles predicted by both CF 
and SI models is consistent with the growth observed in 
the Molokai mark-recapture sample, but predictions of the 
CF model depart from the tag-recapture results in older 
turtles (Fig. 6). Mean growth rates for smaller (30–60 cm) 
turtles estimated from our transformed humerus incre­
ment data (Table 2) were about half as high as growth 
rates reported for turtles of the same size in most Atlan­
tic and Caribbean locales (based on tagging and skeleto­
chronology: Tables 2 and 3 in Zug and Glor, 1999). Our 
estimates were similar to the observed growth rates of 
tagged turtles in Kiholo Bay, Hawai’i (Balazs et al., 2000) 
and nearly twice as high as rates observed in some other 
Paciﬁc samples (Galápagos, Heron Island; Tables 2 and 3 
in Zug and Glor, 1999). Subsequent studies of Australian 
populations (Limpus and Chaloupka, 1997; Chaloupka et. 
al., in press) have shown a mid-juvenile growth rate more 
similar to our estimates; however, growth rate is associated 
with a growth surge in the Australian turtles over a narrow 
mid-juvenile length range (50–60 cm SCL). Such a spurt 
Table 2 
Growth rate statistics by length class. Rates were derived 
from spline-integration data. 
Growth rate (cm/yr) 
Length group 
(SCL, cm) Sample size Mean SD 
20–30 9 4.4 2.2 
30–40 3.5 2.7 
40–50 2.1 1.2 
50–60 2.3 1.0 
60–70 2.2 0.9 
70–80 2.1 1.0 
80–90 1.3 0.5 
90–100 7 0.6 0.3 
37 
67 
53 
62 
21 
12 
in growth was not evident in our SI-based growth curve, 
and growth rates were fairly constant in the 40–80 cm 
size classes (Fig. 8). 
Our age and growth estimates pertain to the Hawaiian 
population as a whole, because the sampled turtles orig­
inated from locations throughout the archipelago. Some 
variation in age and growth between island foraging 
groups is likely, given the extensive latitudinal range of 
the habitats and the associated variation in physical and 
biological parameters affecting growth (Balazs, 1982). A 
geographic analysis of age and growth will be the subject 
of a future study. Future study will also investigate the 
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Figure 7 
Observed growth vectors of marked Molokai green seaturtles between 
release and recapture (vectors) in relation to the growth predicted by non­
parametric models of SCL and age (curves); age was estimated by the 
two methods: correction factor (A) and spline integration (B). The turtle’s 
length at release is assumed to fall on the growth curve. 
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effects of ﬁbropapillomatosis and gender on growth rates 
among the Hawaiian population. 
Age-estimation methods 
A key assumption of both the CF and SI methods is that 
each estimated humerus growth layer represents 1 year of 
growth. This assumption has been validated only recently 
(Hohn and Snover1). Hawaiian turtles tagged and injected 
with tetracycline have been recaptured, and these turtles 
show the appropriate number of LAGs for the years since 
their receipt of tetracycline. Furthermore, strong support 
is provided by the consistency of the growth model pre­
dictions with observed growth in tagged Molokai turtles. 
Additional justiﬁcations have been advanced in other stud­
ies of seaturtle humerus LAG formation (e.g. Zug and Glor, 
1998; Coles et al., 2001). 
1 Hohn, A., and M. Snover. 2001. Personal commun. Beaufort 
Laboratory, Southeast Fisheries Science Center, Beaufort, NC. 
Both the CF and SI methods require histological prepa­
ration and analysis of humerus sections. But they use the 
same skeletochronological data in independent and differ­
ent ways to estimate the total number of humerus growth 
layers. The CF method assumes that a constant humerus 
growth rate (the “correction factor”) applies to the resorp­
tion core regardless of the diameter of the core and despite 
the fact that periosteal increment width decreases with 
length of the turtle (Fig. 2). The correction factor, C, is esti­
mated from a subset of the skeletochronological data tak­
en from juvenile turtles only, i.e. excluding larger turtles 
likely to have narrower increments in the outer region of 
the humerus. Even so, the CF estimates of age for juve­
nile turtles appear to be biased upward (Fig. 5), suggest­
ing that the constant correction factor also failed to reﬂect 
the effect of wider increments deposited in the early years 
of life. In age estimation, the CF method can be applied 
only to turtles displaying a complete set of periosteal lay­
ers, i.e. distinct LAGs, from the resorption core to the outer 
margin of the humerus. 
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Figure 8 
Variation of the growth rate estimates (SI-based) by carapace length class. 
Each box plot shows median (white bar), limits of 2nd and 3rd quartiles 
(solid notched box), range (brackets), and outliers (solid lines). 
The SI method models increment-width variation over 
the entire distance from humerus center to outer margin 
by using a nonlinear, nonparametric smoother. The model 
is estimated from all available sample data with two or 
more LAGs and associated diameter measurements with­
out regard to size of the turtle. The SI model can be ap­
plied to age all turtles for which the outside diameter of 
the humerus section has been measured. 
In the skeletochronological sample we studied, the CF 
method gave age estimates signiﬁcantly higher than the 
SI method for turtles of intermediate length (Table 1), but 
expected differences for such turtles were no greater than 
about 2 years. On the other hand, based on current data 
the CF-based model gives much lower age estimates than 
the SI-based model for turtles longer than about 86 cm 
SCL (Fig. 5). Thus although either method may sufﬁce 
for aging juvenile Hawaiian green seaturtles, only the SI 
method appears to provide support for inferences about 
growth in turtles larger than about 80 cm. The CF method 
is computationally simpler, because it involves only linear 
regression rather than ﬁtting and integrating a nonpara­
metric smoother, and this consideration may recommend 
it to some users. 
Based on our experience with Hawaiian green seaturtle 
data, the main issue in judging the two techniques ap­
pears to be the assumption with the CF method that hu­
merus growth is linear. In reality, it is curvilinear, and the 
SI method explicitly models this curvilinearity. Moreover, 
the SI method makes fuller use of available humerus in­
crement data than the CF method. Further comparisons 
of the methods with additional skeletochronological data 
sets are recommended. 
Ecological précis 
1 	 Chelonia mydas within the Hawaiian Islands is a com­
ponent of the larger Indo-Paciﬁc C. mydas gene pool, 
yet the nesting females of the Hawaiian population 
comprise a distinct genetic unit and contain a unique 
mtDNA haplotype (Bowen et al., 1992). 
2 	Except for the posthatching pelagic phase, the green 
seaturtles of the Hawaiian coastal waters are year­
round residents, and all known individuals reproduce 
within the Hawaiian island chain, predominantly on 
the beaches of the Northwestern Islands at French 
Frigate Shoals (Balazs, 1998; Wetherall et al., 1999). 
3 	 Skeletochronological age estimates indicate that Hawai­
ian juveniles exit the pelagic phase between the ages of 
4 to 10 years. 
4 	 In coastal waters, juveniles 10 years and older possess 
a relatively constant growth rate until about 28 to 30 
years (approximately 80 cm SCL), then growth begins 
to slow as individuals attain sexual maturity. 
5 	 The mean SCL of nesting females is 92 cm (range 81– 
106 cm; Balazs, 1980), suggesting ages of 30 or more 
years at ﬁrst nesting for some individuals. 
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Figure 9 
Growth rates of Hawaiian Chelonia mydas in relation to age and carapace 
length, estimated by taking ﬁrst differences of the SI-based growth model. 
2 3
4 6
Acknowledgment 
We thank the following individuals and organizations for 
their valuable contributions to this research: A. Aguirre, 
D. Akaka, G. Antonelis, S. Eames, W. Gilmartin, S. Hau, 
D. Heacock, J. Kendig, R. Morris, W. Puleloa, L. Hallacher, 
W. Dudley, J. Coney, S. Patton, R. Sparks, M. Rice, 
G. Watson, M. Wisner, T. Work, the State of Hawaii Depart­
ment of Land and Natural Resources, the Hawaii Prepara­
tory Academy, Makai Animal Clinic, and the Marine Option 
Program of the University of Hawaii (Manoa and Hilo). 
George Zug thanks the NOAA-NMFS-SWFSC Honolulu 
Laboratory and SI/NMNH Department of Systematic Biol­
ogy for encouraging and supporting his skeletochrono­
logical research. 
Literature cited 
Balazs, G. H. 
1979. Growth, food sources and migrations of immature 
Hawaiian Chelonia. Marine Turtle Newsl. 10:1–13. 
1980. Synopsis of biological data on the green turtles in 
the Hawaiian Islands. U.S. Dep. Commer., NOAA Tech. 
Memo. NOAA-TM-NMFS-SWFC-7, p. i-ix, 1–141. 
1982. Growth rates of immature green turtles in the Hawai­
ian Archipelago. In Biology and conservation of sea tur­
tles (K. A. Bjorndal, ed.), p. 117–125. Smithsonian Inst. 
Press, Washington, D.C. 
1998. Sea turtles, 3rd ed. In Atlas of Hawaii (S. P. Juvik and 
J. O. Juvik, eds.), p. 115. Univ. Hawaii Press, Honolulu, HI. 
Balazs, G. H., W. C. Dudley, L. E, Hallacher, J. P. Coney, and 
S. K. Koga. 
1994. Ecology and cultural signiﬁcance of sea turtles at 
Punalu’u, Hawaii. U.S. Dep. Commer., NOAA Tech. Memo. 
NMFS-SEFSC-351:10–13. 
Balazs, G. H., W. Puleloa, E. Medeiros, S. K. K. Murakawa, and 
D. M. Ellis. 
1999. Growth rates and incidence of ﬁbropapillomatosis 
in Hawaiian green turtles utilizing coastal foraging pas­
tures at Palaau, Molokai. U.S. Dep. Commer., NOAA Tech. 
Memo. [1998] NMFS-SEFSC-415:130–132. 
Balazs, G. H., M. Rice, S. K. K. Murakawa, and G. Watson. 
2000. Growth rates and residency of immature green tur­
tles at Kiholo Bay, Hawaii. U.S. Dep. Commer., NOAA 
Tech. Memo. NMFS-SEFSC-436:283–285. 
Bolten, A. B., K. A. Bjorndal, J. S. Grumbles, and D. W. Owens. 
1992. Sex ratio and sex-speciﬁc growth rates of immature 
green turtles, Chelonia mydas, in the southern Bahamas. 
Copeia 1992:1098–1103. 
Bowen, B. W., A. B. Meylan, J. P. Ross, C. J. Limpus, G. H. Balazs, 
and J. C. Avise. 
1992. Global population structure and natural history of 
Zug et al. Age and growth of Hawaiian Chelonia 127 
the green turtle (Chelonia mydas) in terms of matriarchal 
phylogeny. Evolution 46:865–881. 
Chaloupka, M. Y., C. J. Limpus, and J. D. Miller. 
In press. Sea turtle growth dynamics in a spatially struc­
tured population. Can. J. Zool. 
Chaloupka, M. Y., and J. A. Musick. 
1996. Age, growth, and population dynamics. In The biol­
ogy of sea turtles (P. L. Lutz and J. A. Musick, eds.), p. 233– 
276. CRC Press, Boca Raton, Fl. 
Coles, W. C., J. A. Musick, and L. A. Williamson. 
2001. Skeletochronology validation from an adult logger­
head (Caretta caretta). Copeia 2001:240–242. 
Crouse, D. T., L. B. Crowder, and H. Caswell. 
1987. A stage-based population model for loggerhead sea tur­
tles and implications for conservation. Ecology 68:1412– 
1423. 
Härdle, W. 
1990. Applied non-parametric regression. Oxford Univ. 
Press, New York, NY, 333 p. 
Hastie, T. J., and R. J. Tibshirani. 
1990. Generalized additive models. Chapman and Hall, 
New York, NY, 335 p. 
Limpus, C. J., and M. Y. Chaloupka. 
1997. Nonparametric regression modelling of green sea 
turtle growth rates (southern Great Barrier Reef). Mar 
Ecol. Prog. Ser. 149:23–34. 
MathSoft, Inc. 
1999. S-PLUS 2000 professional: modern statistics and 
advanced graphics [software]. MathSoft, Seattle, WA. 
Murakawa, S. K. K., G. H. Balazs, D. M. Ellis, S. Hau, and 
S. M. Eames. 
2000. Trends in ﬁbropapillomatosis among green turtles 
stranded in the Hawaiian islands, 1982–98. U.S. Dep. 
Commer., NOAA Tech. Memo. NMFS-SEFSC-443:239–242. 
Parham, J. F., and G. R. Zug. 
1998. Age and growth of loggerhead sea turtles (Caretta 
caretta) of coastal Georgia: an assessment of skeletochrono­
logical age-estimates. Bull. Mar. Sci. [1997] 61:287–304. 
Ralston, S., and G. Miyamoto. 
1983. Analyzing the width of daily otolith increments to age 
the Hawaiian snapper, Pristipomoides ﬁlamentosus. Fish. 
Bull. 81:523–535. 
Wetherall, J. A., G. H. Balazs, and M. Y. Y. Yong. 
1999. Statistical methods for green turtle nesting surveys 
in the Hawaiian Islands. U.S. Dep. Commer., NOAA Tech. 
Memo. [1998] NMFS-SEFSC-415:278–280. 
Work, T. M., and G. H. Balazs. 
1999a. Causes of green turtle (Chelonia mydas) morbidity 
and mortality in Hawaii. U.S. Dep. Commer., NOAA Tech. 
Memo. [1998] NMFS-SEFSC-415:291–292. 
1999b. Relating tumor score to hematology in green turtles 
with ﬁbropapillomatosis in Hawaii. J. Wildl. Disease 35: 
804–807. 
Zug, G. R., G. H. Balazs, and J. A. Wetherall. 
1995. Growth in juvenile loggerhead seaturtles (Caretta 
caretta) in the North Paciﬁc pelagic habitat. Copeia 1995: 
484–487. 
Zug, G. R., and R. E. Glor. 
1999. Estimates of age and growth in a population of green 
sea turtles (Chelonia mydas) from the Indian River lagoon 
system, Florida: a skeletochronological analysis. Can. J. 
Zool. [1998] 76:1497–1506. 
Zug, G. R., A. H. Wynn, and C. Ruckdeschel. 
1986. Age determination of loggerhead sea turtles, Caretta 
caretta, by incremental growth marks in the skeleton. 
Smithson. Contrib. Zool. (427):1–34. 
